Compositions in the ternary field PbO-B20 a-Si02 were studied as potential glazes both with and without the addition of 5 percent of Ah03. Compositions within a very small fi eld (25 t o 40 percent of PbO; 15 to 30 percent of B20 a; and 40 to 55 percent of Si02) show promise as glazes maturing at temperatures below 1,150° C on talcose bodies of reJatively low thermal expansion. Low resistance to solution by weak acids may limit their application to wares which do not come in prolonged contact with food.
INTRODUCTION
The need for glazes of relatively low maturing temperature and thermal dilatation, occasioned by the development of talcose bodies of similar characteristics/ was the incentive for a study of lead borosilicate glasses as a correlary of phase-equilibria determinations in the system PbO-B20 a-Si02• 2 That glasses of this type might logically be expected to have a low thermal expansion is evident from the expansion coefficients of the constituents. 3 The principal difficulty anticipated was that of low resistance to solution, as has been shown by numerous investigators, more recently by J. H. Koenig.'
II. MATERIALS AND METHODS
The materials for preliminary melts were sublimed litharge (PbO) containing 0.02 percent of total detected impurities; boric acid of reagent quality; pulverized quartz (Si02) containing 0.02 percent of nonvolatile residue; and Al20 a of 99.95 percent purity. Commercial Pennsylvania "potter's flint", and Georgia kaolin containing 45.3 percent of Si02 and 39.1 percent of Al20 s as the source of AbOa, were used in the larger batches, together with the litharge and boric acid described.
Preliminary melts were fused in platinum and ground in agate mortars. For larger batches, the frit was fused in clay crucibles, using a gas-fired pot furnace, and the glaze mixtures were ground in baU mills to pass a No. 100 sieve. Portions of the preliminary melts were used for determining initial softening temperatures (T ,) , linear thermal expansions, and solubility in the powdered form. Portions of the larger batches were used to prepare glazed specimens for determining workability of the slip, maturing temperatures, solubility in situ , and appearance. For convenience, the small preliminary melts will be referred to as glasses (table 1) , and the larger batches will be referred to as glazes (table 2). All materials in the glazes not introduced as clay were fritted . The glaze trials were "glost fired" in electrically heated ovens. 
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• Samples showed slight opalescence a fter the expansion test. To determine Si02 and R20 3 , 0.5-g samples were fused with N ~003' dissolved in hot dilute HOI, evaporated almost to dryness, and the moist residue evaporated three times with 10 ml of 02HsOH saturated with HOI. This removed the B20 g • Silica was then determined in the usual way and the remaining R20 g determined by double precipitation with NH40H.
PbO was determined on 0.5-g samples evaporated two or three times with HF and HN03 to remove Si02 and B20 3• HNOg was then added and Pb02 deposited electrolytically. This deposit, after having been dissolved in dilute HNOg and 02HsOH, was converted to PbS04 and weighed as such. B20 3 was determined by difference. Data for establishing the Ts values and coefficients of linear thermal expansion were obtained by the interferometer method using specimens, approximately 3 mm in diameter, which had been fused in platinum capsules.
Resistance of pulverized glass samples to solution was determined by boiling 0.5 to 1.0 g of "through 200, on 325 mesh" material in 200 ml of a 4-percent acetic acid solution. The PbO dissolved was estimated by titrations with ammonium molybdate solution, using tannic acid solution as the external indicator.6 Specimens having approximately 12 in. 2 of glazed surface were subjected to the same treatment, but the amount of solution was estimated by precipitating the dissolved lead with H 2S and comparing the darkened solution with standards containing known amounts of Pb, also precipitated with H2S. In addition, a limited number of tests were made by boiling glazed specimens in a 2-percent solution of potassilUn carbonate. In preparing glazed specimens for solubility tests, approximately 0.1 g of glaze was applied per square inch of surface.
III. RESULTS

GLASSES
Most of the Al20a-free glasses become opalescent or opaque on cooling, only those of low PbO and high (60 percent or more) Si02 content, and those of high (60 percent or more) PbO with 20 percent or less of Si02 being clear. The addition of 5 percent of Al20 g gave , '1'Il!s is the method used by Koenig. See footnote 4.
clear glasses, except with 60 percent or more of B20 g and 10 percent of PbO.
Values for initial softening temperature (Ts) and for linear thermal expansion are given in table 1 and indicated by iso-lines in figure 1. For the sake of uniformity, average expansion coefficients are given for the range from room temperature to 300 0 0, because, in many instances, the first "break" or lower critical temperature (Tc) was found below 400 0 0.
In general, the expansions increase with increasing PbO or B20 a content, but the relation is not linear. At a constant Si02 level, the addition of BzOg in place of PbO at first reduces the expansion, becomes a minimum at approximately equal PbO and BzOa content, and then increases again with increase of BzOa. The corresponding average coefficients are 7.1, 6.0, 6.3, and 9.6XI0-6 • At the 70-percent SiOz level, for 10 and 20 percent of PbO, the expansions are 7.6 and 6.8 J.L/cm, the corresponding coefficients being 2.8 and 2.5 X 10-6 • The addition of 5 percent of Al20 a to these glasses lowers the expansion by about 10 percent.
The softening point decreases with increasing PbO and B20 g content but not in a linear manner. In most cases, the addition of 5 percent of Al20 a raised the softening point, but in melts 3 and 8X (table 1) it was lowered, while melts 31 and 34 were practically unaffected.
Solubility values for pulverized samples are given in table 1 and indicated by lines of equal solubility in figure 2. All lead borate glasses (200 to 325 mesh) are completely dissolved by boiling in 4-percent acetic acid, while lead silicates containing over 83 percent of PbO have all the PbO extracted. At 60 percent of PbO and 40 percent of Si02, only 9 percent of the PbO is extracted by this treatment and the addition of 5 percent of Al20 g to this composition reduces the extraction to 1 percent. However, the addition of B20 g increases the amount of extractable PbO; for example, at 50 percent of SiOz, 40 percent of PbO, and 10 percent of B20 g, about 75 percent of the PbO is dissolved. At 70 percent of Si02, 20 percent of PbO, and 10 percent of BzOg, only a trace of PbO is dissolved, whereas at 70 percent of Si02, 10 percent of PbO, 20 percent of B20 g, about 5 percent of PbO is extracted. The addition of 5 percent of Al20 3 has the unexpected effect of increasing the solubility of many compositions.
These values for solubility have significance in a relative sense only, probably because of the effect of surface area, which is very difficult (if not impracticable) to control in pulverized material. Determinations on portions of the same "grind" checked within ± 1 percent, but determinations on samples ground at different times varied as much as ± 15 percent. The shaded area in the righthand diagram of figure 2 indicates the field of compositions chosen as potential glazes. This may appear unwarranted because of the high solubility in the pulverized form; however, their solubility as glazes in situ is much lower, as is shown by the values in table 5. '~d 0-
~'I; M aturing ranges of the glazes were judged by the observations recorded in t able 4. A glost temperature of 1,150° C (cone 4) was not exceeded because it was considered that satisfactory glazes of comparatively low thermal expansions and maturing at higher temperatures were already available. The "solubility" of the more promising glazes (shaded area, fig. 3 ) is given in table 5. The values indicate the effect of maturing t emperature, and also the effect of removing the superficial "skin" (probably lower in B20 a and PbO) by treatment with boiling potassium carbonate solution. Table 5 contains also values for a commercial glaze prepared in the laboratory (OB) and a glaze (Oom.) on specimens purchased in the open market and designed for use in ovens and for food storage. Glaze OB contained, by batch weights, 24 percen t of PbO, 10.5 of B20 a, 13.5 of AbOa, and 43.2 of Si02• The remainder (8.8 percent)
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• PbO dissolved in boiling 4·percent acetic acid, aCter having first treated gloze by boiling Cor 30 minutes in a 2 percent R,OO, solution.
" A commercial " cone 3" glaze prepared and applied in th~ laboratory.
o Tests ma.de on commercial "ovenware."
IV. DISCUSSION AND CONCLUSIONS
Although the laboratory work on this problem might have been prolonged by studying the effects of Al"Oa in percentages other than that reported on (5 percent), it is believed that the data obtained are sufficient to indicate the limited applicability of the lead borosilicate glasses as glazes.
Glasses containing over 55 percent of Si02, or less than 25 percent of PbO and 15 percent of B20 a, are too viscous to mature at or below 1,150° C (appro:rimately "cone 4"), and those containing less than 40 percent of Si02, or more than 40 percent of PbO and 30 percent of B20 3, are too soluble regardless of maturing temperature. Of the compositions within the relatively small, six-sided area (figs. 2 and 3) not covered by the above limitations, those within the shaded area in figure 3 were most promising. Of the six compositions in this area which were studied as glazes, only two could be applied easily and matured over a fairly wide temperature range. One (No. 8%) appeared best after maturing at 1,125° C and the solubility was as low as that of two commercial glazes; the other (No. 14) matured best at 1,025° C, but the solubility would probably be too high for containers in which food might be stored.
The addition of Al20 a to glasses in the ternary field PbO-B20 a-Si02 was necessary to prevent devitrification.
In terms of the "empirical formula" (molecular ratios with RO always equal to 1.0), the best glaze compositions were within the following limits: PbO 1.0; Al20 a 0.28 to 0.43; B20 a 1.17 to 3.02; SiOz 3.72 to 7.11. W. M. Fickes,7 working with glazes in which PbO was the only RO constituent, found that the ratio of Si02 to Al20 a should be as 6: 1, or higher. C. W. Parmalee and G. A. Williams,s after an exhaustive study of glazes containing B20 a, found 8X mole percent of B20 a best, with the ratio of Si02 to Al;Oa as 8: 1. In the present group of "best glazes," the mole percentage of B20 a ranged from 17.8 to 26.6 and the ratio of Si02 to Al20 a from 12.8: 1 to 17.2: 1.
Considerable argument may be found in the earlier ceramic literature over the question of considering B20 a as basic or as acid in the empirical formula, which in turn affects the calculation of the "oxygen ratio." 9 Preponderance of opinion appears to be in favor of considering B20 a as basic. to It is interesting that, with the present data, if B20 a be considered as basic, the oxygen ratios of the most promising glazes fall within the narrow range of 1.1 to 1.5 but, if considered as acid, they range from 6.4 to 10.2, and many glazes with ratios within this range are decidedly not usable. Binns (footnote 10) recommends an oxygen ratio of 2 for glazes containing boron, but Stull (footnote 10) found that a ratio 2 or higher produced opalescent glazes, while a ratio of 1.5 produced clear glazes.
The thermal expansion of each of the compositions studied as a glaze is significantly lower than that of typical commercial "semiporcelain" glazes. The avera~e coefficient from room temperature to 300° C for the former ranges from apprmd.mately 3.7 to 4.4 X 10-6 , and from appro:rimately 5.5 to 5.8X10-6 for the latter.
Glazes 8% and 14 were applied successfully on each of the talcose bodies described by Geller and Creamer (footnote 1) with the exception of bodies 1 to 4, inclusive, which contained no feldspar. Specimens which were glazed withstood an autoclave treatment in vapor at 400-lb/in.2 steam pressure for 4 hours without crazing and without perceptible loss of gloss. However, when immetsed in the water, the gloss was affected.
The addition of A120 g increased resistance to solubility in some portions of the field, and decreased it in others.
The evaluation of laboratory data for relative solubility of leadbearing glazes, for the purpose of establishing a maximum permissible without constituting a health hazard, is a complex problem. The following extract is from correspondence with W. B. White, of the Food and Drug Administration of the U. S. Department of Agriculture: "The writer's experience of some years on the contamination of foods with lead has left him somewhat skeptical of the value of any test other than actual trial of various types of foods under extreme conditions. This Administration has no official tolerances for Pb except in the case of fresh fruits, where, as yet, no less poisonous insecticides are available for pest control. Here the tolerance is 0.018 grain of Pb per pound of fruit, equivalent to 2.57 parts per million. This tolerance is a recognition that complete elimination by washing, though desirable, is impossible." W. P. Mason 11 states: "The writer believes that no water to be used for drinking purposes should contain lead compounds in quantity greater than what would correspond to half a part per million of metallic lead." Helpful information is contained in a report by G. W. Monier-Williams. 12 He found that 106 mg of lead per 100 in. 2 of glaze surface, or 0.732 part per million parts of food under the conditions of his tests, were extracted by I-percent citric acid, while cooking rhubarb extracted only 0.58 mg, or 0.004 part per million parts of food. Any laboratory test for solubility, involving the use of food or dilute acid as the solvent, might require a glazed vessel of standardized dimensions. For example, 100 in. 2 of surface could be exposed conveniently to reaction in a vessel 4 in. in diameter and 8 in. deep by using approximately 1,400 g of dilute acid. Under such conditions the U. S. Food and Drug Administration's limit of 2.57 parts of lead (or 2.77 parts of PbO) per million of solvent would be equivalent to a maximum of 0.00a9 g of PbO per 100 in. 2 of exposed surface. Several of the glazes tested met this requirement, with 4-percent acetic acid as the solvent (table 5) . WASHINGTON, November 16,1937 .
